Porosity and water absorption of different binder/aggregate ratios of repair mortar and porous limestone were studied that were used in many Hungarian monuments. Different types of mortars were analyzed by using mercury intrusion porosimetry (MIP) and the water saturation method (WSM). Test results showed that there was a strong correlation between the absorption mechanism and the porosimetric characteristics. Mechanical properties of the tested mortars were observed earlier. Pore size distribution confirms that the total porosity increases with increasing aggregate content. Natural stones mainly have medium and large pore radii (1-100 μm) while repair mortars, even with increased aggregate ratio, have smaller pore radii (0.01-0.1 μm). The comparison of different data allows us to state that pore characteristics such as pore volume, pore geometry, pore size distribution and network connectivity are the key control factors of stone and mortar deterioration.
Introduction
Deeply weathered stones of heritage buildings require being improved by repair mortars or replaced by new ones. In all cases when loss compensations are applied the main goal is to reach the best compatibility between the natural stone and the repair mortar. Beside the chemical, mechanical and physical compatibility, structural compatibility is also an important requirement. Moreover the repair mortar should work without causing damage, directly or indirectly. An
Materials and methods

Sample preparation
Repair mortars (Fig. 1) were compared to the typical Hungarian porous limestone from Sóskút Quarry (Fig. 2) , the most common natural stone used in monuments. This porous, oolitic limestone has a low density, a high total porosity and is easy to work with. The grain size of the stone is variable, from very finegrained through middle to coarse-grained. In the experiments four types of commercially available repair mortars that are widely employed for loss compensation of porous oolitic limestones were used. An additional type that was prepared in our laboratory was also tested. Twelve different sample sets (Table 1) , three mixtures per series were prepared: i) pure repair mortar, ii) 70 wt.% repair mortar + 30 wt.% limestone sand as aggregate and iii) 50 wt.% repair mortar + 50 wt.% of limestone sand aggregate. The repair mortars were deposited under laboratory conditions for 90 days after casting. During the preparation of samples and during the experiments, extreme conditions (warm/cold environment) were avoided. The limestone sand (max. 2 mm in diameter), which is a ground oolitic limestone, was obtained from Sóskút Quarry.
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Analytical methodology
Water saturation method (WSM)
The real density, the apparent density and open porosity of the test specimens were determined according to the EN 1936 and EN 1015 standards. After measuring the dry weight and the vacuum saturated weight (with distilled water) under hydrostatic pressure of the samples, the apparent porosity was calculated with the Poschlod equation (Poschlod 1990) . Under vacuum the fluids can penetrate the pores with a diameter larger than 10 μm (Cuevas 1997) . Open porosity in mortars was tested 90 days after preparation. The 10 mm-diameter cylindrical oven-dried (50 °C) specimens were used for other measurements.
Mercury intrusion porosimetry (MIP)
The pore size distribution of radii of 0.001 μm to 100 μm was evaluated by using the mercury intrusion porosimetry technique with a Carlo Erba 2000 (GFZ Potsdam) pore-size mercury porosimeter (Brakel et al. 1981) , using the Pascal software (version 1.03). The method is based on the Washburn equation (Washburn 1921 were prepared with the length of the samples depending on the apparent density and open porosity, which were determined prior to MIP tests. Samples were oven-dried at a temperature of 70 °C for at least 24 hours and cooled down in a desiccator. It is important to note that this technique has limitations: it measures the largest entrance of pores, but is not sensitive to the actual inner size of the pore, and is not able to analyze the closed pores (Giesche 2006 ).
Capillary water absorption
The capillary water absorption test of hanging cubic samples was undertaken according to the EN 1936:2007 standard. The balance sheet and the samples were placed in a closed plastic cube under standard humidity and temperature. The computer system detected the weight increase (0.1 g accuracy) every 5 seconds, from the beginning of immersion until full saturation. The water absorption coefficient was calculated based on weight increase. The aim was to achieve a complete saturation of the specimens. For each repair mortar and natural stone type, at least 2 specimens were tested.
Compressive strength
Uniaxial compressive strength was also measured. Tests were performed according to the methodology described in the EN 1015-11:2000 standard, by using a DigiMess M-10 with a maximum load capacity of 200 kN and loading velocity of 0.2 kN/s. Strength tests were performed after consolidating periods of 90 days. The change of the compressive strength during the consolidation period was reported earlier .
Results
Density and porosity determination with WSM
These tests focused on the different B/Ag content, repair mortar behavior and structure under average conditions (room temperature -20±2 °C -and normal humidity 50-55 RH). The test results (Table 2) show that for most of the repair mortars density and porosity values are relatively close to that of the limestones (samples 1 and 2). Sample sets 9 and 10 have the highest density (2.27/2.50 g/cm 3 ) and the lowest porosity of all (22.52/22.26%).
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Pore size distribution
The limestones exhibit pore radii ranging from 0.001-100 μm and the largest parts of the pores fall into macro-pore categories (10-100 μm). Comparing the results of repair mortar with the limestones it is clear that for repair mortars the micro-and meso-pores dominate over macro-pores. Figure 3 shows the result of the pore size distribution. There is a linear correlation between the porosity and density for all samples (Table 2) . A greater amount of aggregates increases the percentage of medium and large pore radii (0.1-100 μm) in mortars. Nevertheless, fine and coarse limestone show higher pore radii (<10-100 μm). From the pore size distributions the average pore size was calculated and is given in Table 2 . The visual comparison of the samples can be found in Figs 3 and 4 .
An increased meso-pore range was measured for all of the repair mortars. The absence of macro-pores is also a typical feature. Repair mortars have their maxima of pore radii larger than 1 μm but smaller than 10 μm, while limestones have their maxima at pore ranges larger than 10 μm. This result shows that most of the pores are larger than 10 μm in the limestone samples (sample 2) while with the repair mortars this pore range is almost undetected (Figs 3 and 4) . The majority of the pores of the repair mortars have radii between 1 and 10 μm. Adding any type of aggregate mixture to repair mortar cause a shift toward larger pores. 
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Capillary water absorption
The results of capillary water absorption tests have shown that the capillary water absorption of natural stones is higher than any of the repair mortars. The water absorption coefficients of the different types of repair mortars are very similar to each other, but much lower than that of natural stone. As expected, added lime sand aggregates increased the water absorption coefficient (Table 3) . Only the K.r.m. and K.r.m.+30% aggregate (sample sets 13 and 14) showed greater
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Central European Geology 55, 2012 Fig. 4 Comparison of pore size distribution of sample 2 (limestone), and repair mortar samples 6, 7, 8, and 12 (sample explanation is given in Table 1)   Table 3 Capillary water absorption coefficient (A-coefficient in kg/m 2* h 1/2 ) of studied samples absorption values compared to other mortars. Adding further amounts of aggregates to this mortar does not increase capillary water absorption to a rate that is comparable to that of limestones.
The comparison of capillary water uptake curves in Fig. 5 clearly demonstrates that the pore volume distribution of sample 2 differs from samples 6, 7, 8, and 12. The A-coefficient of natural stones of 52.26 and 68.55 kg/m 2 h 1/2 is unusual and more than 3-4 times larger than any of the pure or modified mortar. The highly active capillary system and extraordinary water uptake of limestone is attributed to a well-connected pore system.
Mechanical properties
The increasing aggregate content of the studied repair mortar causes a more significant decrease in measured compressive strength values . The studied compressive strength values are shown in Table 1) decrease. The compressive strength of B.r.m. is almost the same as the case of coarse limestone, but the very high porosity leads to rapid weathering of the mortar . Adding further amount of aggregates to this mortar increases the porosity, except with the M.r.m. set of samples (group "b" in Fig. 6 ). However, when 30% and 50% of aggregate were added, a decrease in compressive strength was observed in every set of sample.
Discussions and conclusion
As it has been reported (Lanas et al. 2006; Pavia and Toomey 2008) there is a close relation between the pore structure, the mechanical properties and the water absorption of mortars. By adding aggregate these properties can be modified. Our tests have shown that not only the aggregate properties but also the type of the binder, binder/ water ratio, the binder/aggregate ratio, curing conditions and the hardening environment (time, temperature, relative humidity, etc.) of the mortar influences the above-listed parameters. Warm and cold environments can also change the pore structures during slow or rapid hydration (Klisinska-Kopacz et al. 2010 ). The present paper concludes that aggregate quantity could also have an effect on the mechanical strength and bulk density of the ready-to-use repair mortars. Analyzed dry mortars were compared, both in terms of compressive strength (UCS) vs. porosity, density and water absorption. A close relationship between the pore structures and mechanical properties were found (Fig. 6) . Indeed, for most tested materials there is a close correlation between open porosity and compressive strength, with a few exceptions. The transport and accumulation of water in natural stones and repair mortars is a complex process which depends on several features, especially on the type of natural stone, aggregate ratio, structure -but mainly on porosity. Based on the test results, samples are divided into 3 main groups. Group 1 contains samples characterized by high porosity and water absorption coefficient. Limestones with average compressive strength (samples 1 and 2) belong to this group. Group 2 contains samples with medium porosity and low water absorption coefficient (such as sample sets 6, 7, 8, 12, and 13) . The final group (group 3) is characterized by repair mortars with low porosity and very low water absorption coefficient (samples 3, 4, 5, 9, 10, 11, 14, and 15) . The differences in water absorption and water transport properties of porous limestone and repair mortars are attributed to differences in pore-size distribution. In limestones higher amount of coarse pores, meso-and macro-pores were found, while all the tested repair mortar mixtures have pores in the lower size-range (micro-and meso-pores).
Further studies are essential to the understanding of the practical behavior of repair mortars and compatibility with limestones. Vapor permeability tests can help to clarify the problem.
Porosity and compatibility of repair mortars and Hungarian porous limestones 131
